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ABSTRACT
Young open clusters are sites of cosmic ray acceleration as indicated by recent de-
tections of the TeV γ-ray sources in the directions of two open clusters (Cyg OB2
and Westerlund 2). In fact, up to now a few different scenarios for acceleration of
particles inside open clusters have been considered, i.e. shocks in massive star winds,
pulsars and their nebulae, supernova shocks, massive compact binaries. Here we con-
sider in detail the radiation processes due to both electrons and hadrons accelerated
inside the open cluster. As a specific scenario, we apply the acceleration process at the
shocks arising in the winds of WR type stars. Particles diffuse through the medium
of the open cluster during the activity time of the acceleration scenario defined by
the age of the WR star. They interact with the matter and radiation, at first inside
the open cluster and, later in the dense surrounding clouds. We calculate the broad
band spectrum in different processes for three example open clusters (Berk 87, Cyg
OB2, Westerlund 2) for which the best observational constraints on the spectra are
at present available. It is assumed that the high energy phenomena, observed from
the X-ray up to the GeV-TeV γ-ray energies, are related to each other. We conclude
that the most likely description of the radiation processes in these objects is achieved
in the hybrid (leptonic-hadronic) model in which leptons are responsible for the ob-
served X-ray and GeV γ-ray emission and hadrons are responsible for the TeV γ-ray
emission.
Key words: open clusters and associations: individual: Berk 87, Cyg OB2, Wester-
lund 2) - radiation mechanisms: non-thermal - gamma-rays: theory
1 INTRODUCTION
Open clusters are concentrations of young stars surrounded
by high density clouds. With the characteristic age of a few
to several million years, they still contain many early type
stars (OB and WR type) which produce strong radiation
field and energetic winds. A fraction of the wind energy can
be transfered to relativistic particles by diffuse shock ac-
celeration process occurring at the shocked wind boundary
and turbulent wind itself (see e.g. Vo¨lk & Forman 1982,
Cesarsky & Montmerle 1983). Moreover, different type of
objects related to the massive star evolution, e.g. supernova
remnants, pulsar wind nebulae, massive binary systems, can
also be responsible for acceleration of particles. Therefore,
open clusters are expected to be likely sources of high energy
neutral radiation (γ-rays, neutrinos, neutrons) produced in
collisions of particles with the matter and soft radiation.
In fact, some open clusters have been found in the rela-
tively large error boxes of the EGRET unidentified sources
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reported in the 3rd EGRET catalog (Hartman et al. 1999),
e.g. 3EG J2021+4716 and 3EG J2016+3657 - Berk 87, 3EG
J2033+4118 - Cyg OB2, or 3EG J1027-5817 - Westerlund
2. The TeV sources have been also reported inside the Cyg
OB2 by the HEGRA group (Aharonian et al. 2002), Wester-
lund 2 by the HESS group (Aharonian et al. 2006), and Berk
87 by the Milagro group (Abdo et al. 2006). Recently, the
upper limits on the TeV fluxes from 14 open clusters have
been reported by the HEGRA group (Aharonian et al. 2006)
and from some unidentified EGRET sources toward the open
clusters by the Whipple group (Fegan et al. 2005).
A few specific models have been already considered for
the γ-ray production in the open clusters. For example, Gio-
vannelli et al. (1996) and Aharonian et al. (2006) investigate
the γ-ray radiation processes by hadrons accelerated at the
shocks in the massive star winds inside the cluster. Tor-
res at al. (2004) and Domingo-Santamaria & Torres (2006)
also apply such general scenario arguing that accelerated
hadrons can penetrate the winds of massive stars. They
are able to produce γ-rays and neutrinos in interactions
with dense parts of the wind close to the stellar surface.
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Bednarek (2003) propose that during the age of the open
cluster (a few million years) some of the most massive stars
should already explode as supernovae creating energetic pul-
sars surrounded by the pulsar wind nebulae. Nuclei acceler-
ated in the vicinity of the pulsar (inside the nebula) interact
with the surrounding matter and radiation producing TeV
γ-rays. On the other hand, pulsars can be responsible for the
observed unidentified EGRET sources. Also the supernova
shock waves can accelerate particles which might produce
high energy radiation (Butt et al. 2007). If nuclei are effi-
ciently accelerated inside the open cluster, then γ-rays can
be also produced in the de-excitation of heavy nuclei (An-
chordoqui et al. 2006).
In this paper we adopt a scenario for the acceleration
of particles inside open clusters originally proposed by e.g.
Cesarsky & Montmerle (1983). The early version of the
pure hadronic model has been already considered as re-
sponsible for the TeV γ-ray flux from Berk 87 (e.g. Gio-
vannelli et al. 1996, Aharonian et al. 2006). In the present
paper, we study this general scenario in a more detail as-
suming that both, electrons and hadrons, can be acceler-
ated at the shocks formed as a result of interaction of strong
winds from the Wolf-Rayet (WR) type stars with the mat-
ter and radiation inside the open cluster and surrounding
dense clouds. We calculate γ-ray fluxes expected from lep-
tonic and hadronic processes for the range of parameters
which describe the conditions inside specific open clusters.
2 THE CONTENT OF OPEN CLUSTERS
We intend to discus, as an example, three open clusters:
Berk 87, Cyg OB2, and Westerlund2. They are either close
or inside the (relatively large) error boxes of the unidenti-
fied EGRET sources. That’s way, they were also targets for
the Cherenkov telescopes at TeV energies. In this section
we introduce the basic parameters of these objects available
in the literature (see Table 1). All these open clusters are
surrounded by high density regions (Dent, MacDonald &
Andersson 1988, Butt et al. 2003), have large stellar lumi-
nosity and contains early type stars. We estimate the to-
tal stellar luminosities of these objects and, for the known
radii, calculate the average energy density of stellar radia-
tion (see Table. 1). The winds of the massive stars in these
open clusters collide with surrounding matter and between
themselves giving rise to the shock waves on which particles
can be accelerated to relativistic energies (e.g. Cesarsky &
Montmerle 1983). These particles produce synchrotron X-
ray emission which can be observed from some of them. The
effective energy density of stellar photons, which are seen by
accelerated electrons, is likely to be larger since at least a
part of the electrons might diffuse against the massive star
winds being exposed to much denser effective stellar radia-
tion field (see e.g. Torres et al. 2004). We take this possibil-
ity into account by introducing the enhancement factor of
the stellar radiation, µ = Ueffrad /Urad, describing the effective
energy density of stellar radiation with which electrons can
interact. This factor depends on the details of the diffusion
and advection processes of electrons in the vicinity of spe-
cific stars of the open cluster. These processes are not well
understood since they depend on the wind and magnetic
field models for specific stars present in the open clusters.
3 ACCELERATION OF PARTICLES INSIDE
OPEN CLUSTERS
We assume that a part, ηe, of the WR star wind energy can
go on acceleration of electrons and a part, ηp, go on acceler-
ation of hadrons. These coefficients are kept as free parame-
ters, although it is believed, based on the required efficiency
of acceleration of the cosmic rays in the Galaxy by the su-
pernova shock waves, that ηp might be as large as ∼ 10%.
Since particles are accelerated in the considered scenario at
the shock, it is assumed that they obtain a simple power
law spectrum with the spectral index is usually considered
in the range 2− 3. We realise that nonlinear effects may be
important in diffusive shock acceleration causing the hard-
ening of the spectrum with energy (e.g. Baring et al. 1999).
However, we are interested in the basic radiation features of
particles inside the open clusters. The impression on the re-
sults obtained with the assumption on the more complicated
spectra can be reached by comparing the results obtained
with simple power law spectra and some range of spectral
indexes. The limits on the maximum energies of particles
in terms of the adopted here acceleration scenario has been
considered many times in the past by comparing the energy
losses of particles with their acceleration efficiency. In the
case of electrons we refer to the recent paper by Bednarek
& Sitarek (2007) in which their acceleration and losses in
specific situation of the globular cluster are considered. Here
we only repeat the final results and extend them for the case
of interaction of electrons with the matter (which was not
the case of the globular clusters).
By comparing the acceleration time scale (see e.g. Eq. 7
in Bednarek & Siterek 2007) with the synchrotron energy
loss time scale, we get the limit on the energy of accelerated
electrons due to the synchrotron losses,
Emaxsyn ≈ 58(ξ−5/B−5)
1/2 TeV. (1)
where B = 10−5B−5 G is the magnetic field strength at the
acceleration region, RL is the Larmor radius of particles,
E = 1ETeV TeV is its energy, c is the velocity of light, and
ξ = 10−5ξ−5 is the so called acceleration coefficient (ξ 6 1).
Important question concerns the value of the acceler-
ation efficiency. Let us consider, as an example, the open
cluster Berk 87. The diffuse hard X-ray emission has been
detected from its direction below a few keV by EXOSAT
(Warwick et al. 1988). If this X-ray emission is produced by
electrons in the synchrotron process, then the characteristic
energies of synchrotron photons can be estimated from,
ε ≈ mec
2γ2(B/Bcr) ≈ 4.6× 10
−4B−5E
2
TeV keV, (2)
where Bcr = 4.4×10
13 G, andmec
2 is the electron rest mass.
By introducing Eq. 1 into Eq. 2, we estimate the maximum
energies of synchrotron photons, which can be produced in
Berk 87, on εmax ∼ 1.5ξ−5 keV. Therefore, for ε ∼ 5 keV, the
acceleration coefficient has to be of the order of ∼ 3× 10−5.
On the other hand, the theory of acceleration of particles
at non-relativistic shocks gives the estimate of the acceler-
ation coefficient ξ ≈ 0.1(v/c)2, where v is the velocity of
the plasma through the shock. The wind velocity measured
from the WR star, WR 142 (present in Berk 87), is ∼5200
km s−1. Then, we obtain the value ξ ∼ 3× 10−5, consistent
with the above estimate. Therefore, we conclude that syn-
c© 2007 RAS, MNRAS 000, 1–??
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Table 1. The open clusters basic parameters and their relation to the gamma-ray sources.
Parameter Berk 87 Cyg OB2 Wester 2
distance 0.95 kpc 1.7 kpc 8 kpc
core radius 2 pc 14 pc 6 pc
massive stars WR 142 120 O type WR 20a
stellar luminosity 2× 1039 erg s−1 1.4× 1041 erg s−1 2× 1040 erg s−1
energy density 260 eV cm−3 120 eV cm−3 500 eV cm−3
power of winds 1038 erg s−1 1.5× 1038 erg s−1 2× 1038 erg s−1
EGRET source 3EG J2021+4716 3EG J2033+4118 3EG J1027-5817
3EG J2016+3657
GeV J2020+3658
TeV source MGRO J2019+37 HEGRA J2032+4130 HESS J1023-575
Milagro
chrotron emission from electrons accelerated at the shock in
the WR star wind can be responsible for the observed diffuse
X-ray emission from Berk 87 at energies up to a few keV.
The energy losses of electrons on the inverse Compton scat-
tering (ICS) of thermal photons produced by the stars has
been also considered in Bednarek & Sitarek (2007). How-
ever, they are not able to limit the acceleration of electrons
(see Fig. 1 on which we compare the times scales for dif-
ferent processes of leptons). However, IC scattering can be
important during the cooling phase of electrons inside the
open cluster.
Since large amount of distributed matter is expected
inside the open clusters, we should also consider the energy
losses of electrons on the bremsstrahlung process. In the
relativistic case, they can be approximated by (Lang 1999),
(
dE
dt
)
br
≈ mpc
3NE/X ≈ 7.8N4ETeV eV s
−1, (3)
where, X is the radiation length equal to X = 62.8 gram
cm−2 for hydrogen atoms, mp is the proton mass, and
N = 104N4 cm
−3 is the number density of target protons.
By comparing acceleration efficiency of electron’s with their
bremsstrahlung energy losses, we find that they are usually
not able to determine the maximum energies of electrons
(see Fig. 1).
Leptons injected inside the open cluster diffuse gradu-
ally out of it. Let us assume that the diffusion process can be
approximated by the the Bohm diffusion. Such assumption
migth be justified in the case of very turbulent media also
characteristic to the open clusters is which multiple stellar
winds are present and supernova explosions occured. The
characteristic time spent by leptons with energy, E, inside
the open cluster with characteristic radius Roc, can be esti-
mated by,
tdiff = R
2
oc/Ddiff ≈ 3× 10
12R2ocB−5/ETeV s, (4)
where Ddiff = RLc/3 is the diffusion coefficient, RL =
p/eBGC ≈ 3 × 10
14ETeV/B−5 cm is the Larmor radius of
electrons in the magnetic field of the open cluster, and Roc
is the core radius of the open cluster. Note that diffusion
time of electrons with energies < 1 TeV is longer than the
characteristic age of the WR star, tWR ≈ 3 × 10
5 yrs, re-
sponsible for the acceleration of particles. So then, leptons
radiate inside the open cluster since these ones with larger
energies cool much faster on radiation processes. The age of
Figure 1. The characteristic time scales for electrons on different
radiation processes, synchrotron (dashed line), bremsstrahlung
(dot-dashed), ICS on stellar radiation (thick triple-dot-dashed),
and for their energy gains from acceleration mechanism (thick
solid) are compared with the diffusion time scale of electrons from
the open cluster calculated for Roc = 2 pc (middle dotted), the
age of the WR star 3× 105 yrs (thin dotted), and the age of the
open cluster 2 × 106 yrs (thick dotted). The parameters which
determine the energy losses and gains are the following: B = 10−5
G, N = 104 cm−3, ξ = 10−5, and µ = 1 (thick triple-dot dashed
curve) and 100 (thin triple-dot dashed).
the open clusters, e.g. Berk 87 (∼ 2×106 yrs), is at least an
order of magnitude larger than the age of the WR star.
We conclude that electrons are accelerated at the shock
wave in the WR stellar wind to maximum energies limited
by the synchrotron process. However, the production of γ-
rays in the IC and bremsstrahlung process is important for
electrons with lower energies.
Also hadrons can be accelerated at the shock waves in
the massive star winds. They mainly lose energy in the in-
teraction with the matter inside the open cluster. The ap-
proximate energy losses on pion production in proton-proton
(p-p) collisions (in the relativistic case Ep ≫ mpc
2) can be
estimated from,
(
dE
dt
)
pp
≈ cσppκπNEp ≈ 4.5N4ETeV eV s
−1, (5)
where Ep = 1ETeV TeV is the proton energy, σpp ≈ 3×10
−26
cm−2 and κπ ≈ 0.5 are the cross section and the in-elasticity
c© 2007 RAS, MNRAS 000, 1–??
4 W. Bednarek
coefficient for p-p interaction. By comparing the acceleration
energy gains (Bednarek & Sitarek 2007) with the energy loss
time scale for protons (Eq. 5), we get the absolute upper
limit on the energies of accelerated protons,
Emaxpp ≈ 670B−5/N4 TeV. (6)
However, the maximum energies of hadrons can be also lim-
ited by the characteristic time scales resulting from the con-
finement of hadrons inside the open cluster due to their dif-
fusion process (this also depends on the energy of hadron),
and the age of the acceleration mechanism defined by the
age of the WR star (∼ 3 × 105 yrs). Note, that it this pic-
ture the dimension of the open cluster is comparable to the
dimensions of the shocks. Let us at first consider the dif-
fusion of relativistic protons through the open cluster. The
diffusion time scale of protons (in the Bohm approximation)
is described as in the case of electrons by Eq. 4. By compar-
ing it with the energy gain time scale, τacc = Ep/(dE/dt)acc,
we get another limit on the maximum proton energies,
Emaxdif ≈ 32RocB−5ξ
1/2
−5 TeV. (7)
where, Roc is the cluster radius in parsecs. This limit is
more stringent than the limit obtained based on the energy
losses of protons in hadronic collisions. Note, moreover that
the Larmor radii of particles with such energies are much
smaller than the dimension of the cluster.
In order to check whether the process of energy transfer
from protons to radiation is efficient, we estimate the colli-
sion rate of protons with the matter inside the open cluster,
Nppcol = ctdiffσppN ≈ 110N4B−5/ETeV, (8)
where tdiff is given by Eq. 4, and the radius of the open
cluster is taken equal to Roc = 2 pc (as in Berk 87). It is
clear that protons with large energies are not able to lose
very efficiently energy in the interactions with the matter
during their propagation through the open cluster provided
that ETeV > 10
2N4B−5. Protons with large enough ener-
gies escape from the open cluster with only partial energy
losses. However, they can be captured inside the high den-
sity clouds. Therefore, we should observe a break in the γ-
ray spectrum expected from the open cluster at energies
corresponding to energies of hadrons mentioned above. On
the other hand, hadrons with energies above these values,
should produce efficiently γ-rays in their interactions with
the matter of the dense clouds surrounding the open clus-
ter. The break in the γ-ray spectrum observed from the open
cluster may in fact appear at larger energies than estimated
above if their escape from the open cluster is more efficient,
e.g. due to the partially ordered magnetic field.
The maximum energies of hadrons are determined by
their diffusion outside the open cluster. For the average mag-
netic field strength inside the open cluster equal to B = 10−5
G, hadrons can be accelerated to energies above Epmax ∼ 10
5
GeV.
4 GAMMA-RAY PRODUCTION INSIDE
OPEN CLUSTERS
Based on the above analysis of the radiation and propaga-
tion processes we conclude that electrons should lose most of
their energy already inside the low density cavity created by
Figure 2. As in Fig. 1 but for relativistic protons injected into
the open cluster. The time scale for protons losing energy on pion
production in collisions with the matter (dot-dashed line). Their
time scales for energy gains from the acceleration mechanism are
shown for the magnetic field strength B = 10−5 G (thick solid
line) and B = 10−4 G (thin solid line). The diffusion time scale of
hadrons through the open cluster is shown by the dashed line, the
age of the WR star, and the age of the open cluster are marked by
the thick and thin dotted lines, respectively. The other parameters
describing the open cluster are this same as applied in Fig. 1.
the massive stars. We assume that its size is comparable to
the core radius of the open cluster. However, the most ener-
getic hadrons at first, diffuse outside this low density cavity
and next, interact with dense matter surrounding the open
cluster. Therefore, it is expected that γ-rays produced by
electrons should arrive directly from the open cluster but
the most energetic γ-rays produced in hadronic collisions
should come from a more extended region surrounding the
open cluster, i.e. from the giant molecular clouds. In the
present calculations electrons and hadrons are injected uni-
formly during the lifetime of the Wolf-Rayet star (which is of
the order of ∼ 3×105 yrs). In fact, massive WR stars might
also appear in the past inside the open cluster. Therefore, es-
pecially lower energy γ-ray emission observed from the open
cluster may represent a combination of the emission from the
WR stars visible at present and from some WR stars which
have been already exploded as a supernovae. However, the
contribution of these ’old’ WR stars is very difficult to take
into account due to the lack of any observables which might
allow us to fix their number and parameters. Below, we only
show the results of calculations of high energy radiation pro-
duced by electrons and hadrons from the presently observed
massive stars in specific open clusters.
All three important radiation processes have to be taken
into account when calculating the γ-ray spectra produced
by electrons inside a specific open cluster. Diffusion time
scale of electrons through the open cluster is typically much
longer than the radiation time scales of electrons (Fig. 1).
Therefore, electrons accelerated at the shock in the WR star
wind lose most of their energy inside the open cluster. We
calculate the differential photon spectra produced by elec-
trons for different parameters of the open cluster and the
parameters describing the injection spectrum of electrons.
The spectra, shown in Fig. 3, are calculated for the power
law injection spectrum of electrons with the spectral indices
c© 2007 RAS, MNRAS 000, 1–??
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Figure 3. The differential photon spectra (multiplied by the energy squared, SED) produced in the synchrotron ((a), (d) and (g)),
bremsstrahlung ((b), (e) and (h)), and IC processes ((c), (f) and (i)) are calculated for the power law spectra of injected electrons with
the spectral index 2.1 (upper panel) and 3 (middle panel) for the low energy cut-off in the electron spectrum at Emin = 0.01 GeV and
the high energy cut-off at Emax (obtained for B = 10−5 G, see Eq. 1), and different densities of matter (ρ) and stellar radiation field
(defined by µ) inside the open cluster: µ = 1 and ρ = 10 cm−3 (solid curves), µ = 1 and ρ = 103 cm−3 (dashed curves), µ = 100 and
ρ = 10 cm−3 (dot-dashed curves), µ = 100 and ρ = 103 cm−3 (dotted curves). The spectra produced in these radiation processes are
also shown for different low and high energy cut-offs and fixed values of µ = 1 and ρ = 10 cm−3: Emin = 0.01 GeV and Emax obtained
for B = 10−5 G (solid curves); Emin = 1 GeV and Emax obtained for B = 10
−4 G (dashed curves); Emin = 10 GeV and Emax obtained
for B = 10−5 G (dotted curves). The other parameters of the open cluster are taken as derived for Berk 87 (see section 2.1 for details).
2.1 (upper figures) and 3 (middle figures), the low energy
cut-off at 10−2 GeV and the high energy cut-off determined
by the synchrotron energy losses in the magnetic field. The
spectra are normalized to 1 erg s−1. Specific curves in these
figures are obtained for different effective radiation field in-
side the open cluster produced by the massive stars and the
average density of the matter inside the volume of the open
cluster. We investigate the cases in which density of the radi-
ation field and matter can change by a factor of one hundred
around the basic parameters µ = 1 and ρ = 102 cm−3.
For electrons injected with flat spectra (spectral index
α = 2.1) and the parameters of the medium from the lower
part of the considered range, the γ-ray spectrum produced
in the IC process dominates over the γ-ray spectrum pro-
duced in the bremsstrahlung process and the lower energy
photon spectrum (from radio to X-rays) produced in the
synchrotron process (e.g. see solid curves in Fig. 3abc). How-
ever, electrons with different energies contribute at different
level to specific parts of the photon spectrum. The high-
est energy electrons radiate mainly on synchrotron process
and electrons with energies between a few GeV and a few
hundred GeV lose energy mainly in IC process. However, rel-
ative contribution of specific radiation processes can change
drastically with the change of the basic parameters of the
open cluster. If the effective density of stellar radiation field
is larger (see the cases marked by the dot-dashed and dotted
curves), the γ-ray spectrum in the broad energy range (up
to a few TeV) is well described by a simple power law with
the spectral index close to 2 (as expected from the complete
cooling case of electrons in the T and IC regimes for electrons
c© 2007 RAS, MNRAS 000, 1–??
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injected with the spectral index close to 2). The γ-ray spec-
tra produced for these parameters in the bremsstrahlung
process are on a much lower level since assumed density of
matter inside the open cluster is lower. The relative contri-
bution of specific radiation processes can change drastically
for electrons injected with much steeper spectrum, e.g. for
α = 3 (compare the upper and middle panels in Fig. 3).
For such steep electron spectra, synchrotron emission (from
radio up to X-rays) drops by a few orders of magnitudes
in respect to the IC and bremsstrahlung emission (in the
GeV-TeV energy range).
Dependence of the photon spectra on the low and high
energy cut-offs in the injected spectrum of electrons is in-
vestigated in the bottom figures (see Fig. 3). Here we con-
sider the open cluster with the stronger magnetic field (i.e.
B = 10−4 G) which, as evident from Eq. 1, should allow
acceleration of electrons to lower maximum energies). Note
that the cut-off in the electron spectrum from the lower en-
ergies is not well determined. It is difficult to motivate its
presence theoretically on the present state on knowledge.
However, we consider such general spectra since they seems
to give better description of the flat γ-ray spectrum observed
at GeV energies from the open clusters. The electron spectra
with the low energy cut-off at Emin = 1 and 10 GeV are con-
sidered (see dashed and dotted curves in Fig 2, respectively).
As an example, we assume that electrons have the spectral
index α = 2.1 and the medium of the open cluster is char-
acterized by µ = 1 and ρ = 10 cm−3. For such spectral in-
dex, the energy is almost equally distributed throughout the
electron spectrum. Therefore, the synchrotron spectra, pro-
duced by the largest energy electrons, clearly dominate over
the γ-ray spectra produced in the IC and bremsstrahlung
processes since electrons can not cool completely during the
age of the WR star. Note, that the γ-ray spectra produced
for these parameters are rather steep even for the flat spec-
trum of injected electrons due to the dominance of the syn-
chrotron cooling.
We calculate also the γ-ray spectra produced by
hadrons during their propagation inside the open cluster and
after their escape to surrounding molecular clouds, applying
the scale break model for hadronic interactions appropri-
ate for hadrons with considered energies (see Wdowczyk &
Wolfendale 1987). As an example, we apply the parameters
of the open cluster Berk 87 and consider two cases with
different density of matter inside the open cluster and sur-
rounding clouds (see Fig. 4ab). At first, we assume for sim-
plicity that all hadrons escaping from the open cluster are
captured by the molecular clouds (ξ = 100%). Hadrons are
injected with this same rate during the lifetime of the WR
star. They obtain the power law spectrum with the high en-
ergy cut-off determined by the magnetic field strength inside
the cluster. The low energy cut-off is assumed at 10 GeV.
The injection rate of hadrons is normalized to 1 erg s−1. The
γ-ray spectra produced by hadrons in their interaction with
the matter inside the open cluster show characteristic break
at energies determined by their diffusion time from the clus-
ter which in turn depends on the magnetic field strength in-
side the cluster (typically between 102 − 103 TeV, see thick
curves in Fig. 4). Due to relatively low density of matter
inside the cluster (in respect to surrounding clouds), rela-
tivistic hadrons are not able to interact frequently. There-
fore, hadrons with large energies are able to escape from the
open cluster. The γ-ray spectra produced by these hadrons
in collisions with the matter of the molecular clouds domi-
nate at larger energies (see thin curves). They show a char-
acteristic break at similar energies as the break in the γ-ray
spectra produced inside the open cluster (see thick curves).
However, in contrast to hadrons inside the open cluster, rel-
ativistic hadrons captured by dense clouds cool efficiently
on multiple interactions with the matter already during the
lifetime of the WR star due to much larger matter densities.
The relative power in the γ-ray spectra produced inside and
outside the open cluster depends on the ratio of density of
matter inside these two regions.
We also investigate the γ-ray production by hadrons as-
suming that only the most energetic ones are captured inside
the molecular clouds (see Fig. 4c). This might be caused by
the energy dependent diffusion of relativistic hadrons from
the open clusters. As expected, the γ-ray spectra produced
by these hadrons are only limited to the highest energy part
of the spectrum calculated in the case of all hadrons cap-
tured by the clouds (marked by the solid curve).
5 GAMMA-RAY FLUXES FROM SPECIFIC
OBJECTS
We calculate the broad band photon spectra produced by
electrons and hadrons inside a few specific open clusters and
compare them with the high energy observations. It is as-
sumed that the fluxes (and the upper limits) reported at
high energies by the EGRET, Cherenkov telescopes (Whip-
ple, HEGRA, HESS), and the Milagro detector from direc-
tion of these open clusters are real and caused by this same
single source. These observations are analyzed in terms of
two general pictures: model A - all the emission above ∼ 100
MeV due to hadrons, model B - the low energy γ-ray emis-
sion (EGRET range) is due to leptons and the high energy
emission (above ∼ 100 GeV) is due to hadrons. In all cases
it is assumed that the average density of matter inside the
open clusters is 10 cm−3 and in the surrounding clouds 103
cm−3. The parameters of the models applied for these spe-
cific sources are collected in Table 2.
5.1 Berk 87
The EGRET telescope discovered two point like sources,
3EG J2021+4716 and 3EG J2016+3657, in the direction
of Berk 87 (Hartman et al. 1999) and the GeV source
J2020+3658 (Lamb & Macomb 1997) which is likely related
to 3EG J2021+3716 (Roberts et al. 2001). Also diffuse X-
ray emission from this cluster has been observed by the EX-
OSAT (∼ 5× 1032 erg s−1 for the distance of 900 pc, War-
wick et al. 1988) and by the ASCA satellites (Roberts et
al. 2002). Since this emission can be at least partially ther-
mal, it introduces the upper bound on the possible diffuse
non-thermal X-ray emission from this open cluster. The re-
gion of these EGRET sources has been also observed by the
Cherenkov telescopes at TeV energies. The Whipple group
reported only the upper limit on the level of 2 × 10−11 ph.
cm−2s−1 above 350 GeV (Fegan et al. 2005). The HEGRA
upper limit at energies above 0.7 TeV on the level of 3×10−13
cm−2 s−1 (based on the 6.4 hr data) has been reported by
Tluczykont et al. (2001) and on the level of 1.08 × 10−12
c© 2007 RAS, MNRAS 000, 1–??
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Table 2. The basic parameters of the models.
Parameter Berk 87 Cyg OB2 Wester 2 Berk 87 Cyg OB2 Wester 2 Berk 87 Cyg OB2 Wester 2
Model A1 Model A2 Model B
magnetic field 10−4 G 10−4 10−5 10−5 G 3× 10−6 G 10−5 G 10−5 G 10−4 G 10−4 G
spectral index (p) 2.1 2.6 2.4 2.1 2.4 2.4 2.4 2.4
efficiency (ηp) 3× 10−3 6× 10−3 5× 10−2 3× 10−3 2× 10−3 10−2 10−3 10−3 2× 10−3
spectral index (e) 2.4 2.4 2.2
efficiency (ηe) 5× 10−3 10−2 2× 10−2
capturing factor (ξ) 10% 100% 10% 4% 10% 6% 100% 100% 6%
cm−2 s−1 above 0.9 TeV based on the 13.4 hr data (Aharo-
nian et al. 2006). Moreover, very recently the Milagro group
reported positive detection of a quite extended source at en-
ergies > 12 TeV from the region containing Berk 87 with
the flux estimated on 1.7 × 10−13 ph. cm−2 s−1 (MGRO
J2019+37, Abdo et al. 2006). All these observational results
are collected in Fig. 5.
By applying the general model for the acceleration of
particles and radiation models defined as A (pure hadronic)
and B (hybrid, hadronic-leptonic), we calculate the expected
broad band photon emission from the open cluster Berk 87
and its surroundings. The basic parameters describing Berk
87 are reported in Table. 1. Let us at first consider in detail
model A. Since the spectra of EGRET sources are flat, we
have to assume that hadrons have also spectral index close
to 2 with the high energy cut-off defined by the magnetic
field strength inside the open cluster. γ-ray spectra from de-
cay of pio, produced by hadrons inside the open cluster and
surrounding dense clouds, are shown for B = 10−5 G (model
A1, dot-dashed curves, in the upper Fig. 5) and B = 10−4
G (model A2, dashed curves). As we have shown in Sect. 4
(Fig. 4c) if only the highest energy hadrons are captured
inside the clouds, then the highest energy part of the γ-
ray spectrum remains on the level expected for the case of
complite (energy independent) capturing. The spectra are
on the level of the EGRET flux for the energy conversion
efficiency from the WR star wind (WR 142) to particles
shown in Tab. 2. Note that the spectrum obtained for weaker
magnetic field is not able to explain the extended emission
reported by the Milagro experiment. On the other hand,
the γ-ray spectrum calculated for stronger magnetic field
is clearly above the upper limits reported by the Whipple
and HEGRA experiments at TeV energies. In the bottom
Fig. 5, we also show the γ-ray spectra produced by hadrons
which are injected with the steeper spectrum (spectral index
2.4) and the maximum energies determined by B = 10−4 G
(inside the open cluster - triple-dot-dashed curve, and from
dense surrounding clouds - solid curve). Note that, γ-ray
emission produced in dense clouds is quite extended, and
that’s why difficult to be observed with the Cherenkov tele-
scopes of the Whipple and HEGRA telescopes. These γ-ray
spectra are generally consistent with the observations by
different telescopes at the TeV energies provided that spec-
trum of hadrons has to become significantly flatter below
∼ 100 GeV in order to be consistent with the flat spectrum
characteristic for the EGRET sources. Such a break in the
spectrum is difficult to explain in the simple shock acceler-
ation scenario. Therefore, we conclude that the pure simple
hadronic model is unlikely.
In the model B, electrons are assumed to be injected
with the power law spectrum and spectral index 2.4 ex-
tending up to the maximum energies ∼ 105 GeV. The
photon spectra produced by electrons in the synchrotron,
bremsstrahlung and IC processes are shown in Fig. 5. The
EGRET spectrum is described in such a model by the com-
bination of the bremsstrahlung spectrum (at lower energies)
and the IC spectrum (at higher energies). Due to the Klein-
Nishina effects and efficient colling of electrons with the
largest energies on the synchrotron process, the γ-ray spec-
tra from bremsstrahlung and IC processes have to steepen.
These spectra do not overcome the upper limits introduced
by the Whipple and HEGRA telescopes. However, they are
not able to explain the extended emission at the highest
energies reported by Milagro group. In order to explain all
these results simultaneously, we postulate additional pro-
duction of γ-rays by hadrons which have escaped from the
open cluster and interacted inside surrounding dense clouds.
Hadrons are accelerated inside the open cluster with the
spectral index as postulated for electrons and with the cut-
off at energies expected for this same value of the magnetic
field (i.e. 10−5 G). The synchrotron spectrum expected in
such a hybrid model is clearly consistent with the upper limit
on the diffuse X-ray emission introduced by the EXOSAT
data.
5.2 Cyg OB 2
Between a few γ-ray sources reported in the direction to-
ward the Cygnus region, 3EG J2033+4118 is believed to be
related to the Cyg OB2 (Aharonian et al. 2002, Mukherjee
et al. 2003, Butt et al. 2003). The spectrum of this source
was originally described by a simple power law with the
index of 1.96 ± 0.10, but a double power law or a power
law with the exponential cut-off gives better fits (Bertsch et
al. 2000, Reimer & Bertsch 2001). This source is classified
as being non-variable (Butt et al. 2003). At TeV energies
the HEGRA group has reported the discovery of an uniden-
tified, steady, TeV source at the edge of the 95% error circle
of the source 3EG J2033+4118 (Aharonian et al. 2002). The
spectrum of this source is also flat (differential spectral in-
dex −1.9± 0.3stat ± 0.3sys), with the flux about two orders
below the flux observed from 3EG J2033+4118. There is
also an indication that the TeV source is extended with a
radius of 5.6′ (Aharonian et al. 2002). This detection has
been confirmed by the Whipple group who reported slightly
displaced point like source whose γ-ray flux is at the level
of 8% of the Crab signal (Konopelko et al. 2006). Recently,
the Milagro group also reported the γ-ray flux at energies
c© 2007 RAS, MNRAS 000, 1–??
8 W. Bednarek
above 12 TeV from the extended region (3x3 square degrees)
centered on the HEGRA source equal to ∼ 2.4×10−12 cm−2
s−1. It exceeds by a factor of ∼ 3 the HEGRA flux. A weak
diffuse X-ray emission has been observed by the ROSAT and
Chandra telescopes, with the intensity of 1.3 × 10−12 ergs
cm−2 s−1 in 0.5-2.5 keV and 3.6 × 10−12 ergs cm−2 s−1 in
2.5-10 keV (Butt et al. 2003). The radio observations of this
region indicate a weak shell-like radio structure(s) which are
at least partially non-thermal (Butt et al. 2007). According
to the authors, the radio data are compatible with one or
more young supernova remnants or with large scale cluster
shocks induced by the violent action of the many massive
stars in Cyg OB2.
The γ-ray spectra are calculated in terms of the model
A (Fig. 6) assuming the parameters of the open cluster and
the acceleration process reported in Table 2. The HEGRA
spectrum extending up to∼ 10 TeV can be explained in such
a model as emission from dense clouds which efficiently cap-
ture hadrons escaping from the open cluster. Hadrons can
also produce lower energy γ-rays inside the open cluster pro-
vided that their spectrum is quite steep (spectral index 2.6).
Moreover, the low energy break at ∼ 10−100 GeV should be
present in the hadron spectrum in order to obtain consistent
description of a relatively flat γ-ray spectrum in the EGRET
energy range. As in the case of Berk 87, such a break is diffi-
cult to explain in the shock acceleration scenario. Therefore,
below we also consider the hybrid (leptonic-hadronic) model.
In the hybrid model (B), we explain the EGRET emis-
sion as due to leptons and TeV emission as due to hadrons.
The set of parameters is chosen in such a way to get consis-
tency with the observed X-ray and EGRET data. For these
same parameters, we calculate also the TeV γ-ray spectra
produced by hadrons inside the open cluster and by hadrons
captured in surrounding dense clouds. The spectrum of lep-
tons has to be rather steep in order not to overcome the
synchrotron X-ray flux. However, the spectrum of hadrons
can not be too steep in order to produce adequate γ-ray
fluxes at TeV energies. So then, available range of param-
eters of the acceleration scenario and the open cluster is
substantially limited (Table 2).
5.3 Westerlund 2
In the direction of this open cluster at least one the EGRET
source, 3EG J1027-5817, is clearly visible (the 3rd EGRET
catalog, Hartman et al. 1999). This source is probably re-
lated to 2EG J1021-5835) and GEV J1025-5809 (Lamb &
Macomb 1997). Its spectral index is again flat α = 1.94
and the average flux is ∼ 8 × 10−7 ph. cm−2 s−1 above
100 MeV (Hartman et al. 1999). The HESS group reported
the TeV source in direction of Westerlund 2 (named HESS
J1023-575). It looks extended with the estimated size of
∼ 0.2 deg (Aharonian et al. 2007). Diffuse X-ray emission
has been observed from Westerlund 2 by the ROSAT (lu-
minosity 2 × 1034 erg s−1 in the energy range ∼1-2.4 keV,
Belloni & Mereghetti 1994) and by the Chandra (3.6× 1034
erg s−1 in the energy range 0.5-8 keV, Townsley et al. 2005)
assuming the distance of 8 kpc. This emission is usually re-
lated to the thermal emission from the shocked winds of the
massive stars. Thus, it should be rather considered as an
upper limit on the possible non-thermal synchrotron X-ray
emission.
We have tried to explain at first the γ-ray fluxes in the
GeV-TeV energies from the direction of Westerlund 2 by a
pure hadronic model (model A, see Fig. 7). The HESS spec-
trum can be fitted as a combination of γ-rays produced by
hadrons inside the open cluster and hadrons escaping from
the open cluster, and after that captured by the molecu-
lar clouds. However, it is difficult to fit simultaneously the
flat spectrum in the EGRET energy range. Hadrons with
flat spectrum (spectral index 2.1) predicts too low fluxes
at GeV energies. On the other hand, hadrons injected with
steeper spectrum (spectral index 2.4) predicts the GeV emis-
sion inconsistent with the EGRET observations. So then,
the explanation of γ-ray emission from Westerlund 2 in the
GeV-TeV energy range would require the assumption on the
break in the spectrum of accelerated hadrons at energies
∼ 100 GeV, which is difficult to motivate in the simple shock
acceleration scenario.
We have also tried to fit the spectra of the EGRET
and HESS sources by the pure leptonic model with differ-
ent set of parameters of the open cluster. However, since
electrons lose energy mainly on IC scattering in the strong
radiation field of Westerlund 2, we were not able to fit the
EGRET high level flux and the simple power law spectrum
reported by HESS in the TeV energies. The reason is that
the IC spectrum shows a break at TeV energies due to the
transition from the Thomson to the Klein-Nishina regime
and also due to strong synchrotron energy losses of electrons
at the higher energy part of their spectrum. Therefore, we
consider a hybrid electron-hadron model. In order not to
overcome the limit on the diffuse X-ray emission from the
open cluster, the spectrum of injected electrons has to be
steeper than ∼2.2. Therefore, the parameters describing the
spectra of particles and the content of the open cluster are
already constrained by the available observations (see Ta-
ble 2). We show the photon spectra produced by electrons
and hadrons (model B) in different radiation processes as-
suming that, both types of particles are accelerated with
this same spectrum (Fig. 7). Electrons are responsible for
the EGRET flux (IC scattering), their synchrotron emission
is still (marginally) consistent with the X-ray observations,
and the TeV γ-rays are produced by hadrons in collisions
with the matter of the open cluster and surrounding dense
clouds. This gives the best description of the observations in
the broad energy range. The energy density of stellar pho-
tons is described by the factor µ = 10. This value is much
larger than assumed in the case of discussed above open clus-
ters but, it is consistent with the expectation that in West-
erlund 2, only a part of stars present inside the open cluster
is taken into account (see Sect. 2.3). However, in order to
fit simple power law spectrum reported by the HESS exper-
iment, the capturing effects of hadrons inside the molecular
clouds requires special tuning. Otherwise, the γ-ray spec-
trum should steepen above ∼ 10 TeV.
6 DISCUSSION AND CONCLUSIONS
The purpose of this paper is to check if the high energy
emission from some open clusters can be explained with pa-
rameterized models of particle acceleration and radiation in
the winds of the WR type stars observed at present inside
these open clusters. Unfortunately, in contrast to e.g. glob-
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ular clusters, the reach content of the open clusters provide
interesting target for leptons interacting in different radia-
tion processes. Therefore, contributions from different pro-
cesses can become comparable and have to be taken into
account. This complicates significantly theoretical analysis.
Moreover, the content and surrounding of the open clusters
is not very well known. Therefore, open clusters are difficult
objects for analysis of details of the radiation processes and
their eventual comparison with observations. On the other
hand, recent observations of open clusters in the γ-ray en-
ergy range encourage to pick up this interesting astrophysi-
cal problem.
Considered model predicts well localized γ-ray sources
at lower energies (e.g. GeV energy range) coincident with
the open clusters itself, and more extended emission at the
highest possible TeV energies which should be correlated
with the surrounding clouds. This is in contrast to the re-
cent proposition of Torres at al. (2004), who postulate pro-
duction of well localized TeV γ-ray sources due to interac-
tion of hadrons with dense internal parts of the massive star
winds. In that model, hadrons accelerated at the massive
star winds (or any other unspecified mechanism, i.e. super-
nova remnants) diffuse against the wind to its dense internal
regions.
Three open clusters have been modeled, Berk 87, Cyg
OB2, and Westerlund 2, with the pure hadronic and hybrid
(leptonic-hadronic) models. In principle, pure hadronic mod-
els can provide good explanation of the whole γ-ray spectra
in the case of Cyg OB2 and Westerlund 2, provided that a
low energy break in the power law spectrum of hadrons is as-
sumed at ∼ 10−100 GeV. However, such a break is difficult
to reconcile in the simple shock acceleration scenario. It is
even more difficult to fulfill the constraints on the reported
γ-ray spectrum from Berk 87. We were not able to fit simul-
taneously the EGRET flux, the HEGRA and the Whipple
upper limits, and the diffuse emission above ∼ 10 TeV re-
ported by the Milagro from the direction of this source.
The situation is much more promising with the hybrid
model in which we consider the lower energy emission as
due to leptons (below ∼ 100 GeV) and the TeV emission as
due to hadrons. For reasonable set of parameters such model
can explain flat spectra and high level of the GeV emission
(EGRET source) and relatively low level of TeV emission
which is sometimes also characterized by the flat spectrum
(e.g. as in the case of Cyg OB2). In this model, the extended
emission above ∼ 10 TeV reported from directions of Berk
87 and Cyg OB2, can be explained by hadrons which, dif-
fuse outside the open clusters and, are partially captured
in surrounding dense clouds. We assumed that leptons and
hadrons are injected with these same spectral indices and
the high energy cut-offs determined by this same value of
the magnetic field in the acceleration region. Note more-
over, that these parameters can not be selected arbitrarily.
For example, the observations of the diffuse X-ray flux con-
strain the allowed value of the spectral index of leptons (it
can not be too flat). On the other hand, flat spectrum in
the GeV energy range and the low level of TeV emission
constrain the magnetic field strength in the acceleration re-
gion. Unfortunately, the parameters describing the content
of the open cluster, surrounding medium, and the capturing
factor of relativistic hadrons by dense clouds are not well
determined. It is usually argued that density of matter in-
side the open cluster is moderate due to the cleaning effects
by the energetic winds of the massive stars. We considered
typical values of the order of 10 particles cm−3, in general
consistency with derivations by e.g. Butt et al. (2003) for the
Cyg OB2. Also the effective stellar radiation field seen by
leptons during their diffusion inside the open cluster is not
well determined. We estimated the average density of stellar
photons applying the observed luminosities of the massive
stars and the dimension of the open cluster. But this number
can differ significantly from the real effective density seen by
leptons due to the unknown details of their propagation, spe-
cial distribution of the most luminous stars inside the open
cluster in respect to the appearance of the shock structures
on which these particles are accelerated. Due to these inho-
mogeneities, which are very difficult to take into account,
the effective density of stellar photons seen by relativistic
leptons can be much larger and their energy losses on ICS
process can be significantly enhanced in respect to the syn-
chrotron and bremsstrahlung process. These different effects
makes detailed theoretical interpretation of the high energy
processes inside the open clusters specially complicated.
Note, that here we only considered the γ-ray produc-
tion due to the presence of the observed massive stars inside
the specific cluster. The relatively high level of ∼10 TeV
emission from the most massive open cluster Cyg OB2 (re-
ported by the Milagro) can be caused by the contribution
from the past WR stars which have already disappeared, or
by hadrons accelerated by the supernova shocks (e.g. Butt et
al. 2007) or relatively young energetic pulsars (e.g. Bednarek
2003). Note, that shell like structures have been discovered
inside Cyg OB2. They might be due to the recent supernova
explosion. Hadrons accelerated by these past evens related
to the presence of the massive stars can be still captured
by strong magnetic fields (of the order of ∼ 10−3 G) at the
cores of the huge molecular clouds surrounding the open
clusters. They might contribute to the observed large scale
diffuse γ-ray flux at ∼10 TeV on a much longer time scale
than expected in the case of single WR star (i.e. a few 105
yrs).
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Figure 4. γ-ray spectra (SED) from decay of pio produced in the
interactions of relativistic hadrons with the matter inside the open
cluster (thick curves) and with dense molecular clouds surround-
ing the open cluster (thin curves). It is assumed that density of
matter inside the open cluster is ρoc = 100 cm−3. The open clus-
ter is surrounded by dense clouds, with density of ρcl = 10
4 cm−3,
in which all particles escaping from the open cluster are captured
(a). The results of calculations for ρoc = 10 cm−3 and ρcl = 10
5
cm−3 are shown in (b). Differential spectrum of hadrons is de-
fined by the high energy cut-off which is due to the diffusion of
hadrons from the open cluster (see Eq. 7), calculated for the mag-
netic field Boc = 10−5 G and 10−4 G (solid and dashed curves,
respectively) and by the spectral index equal to α = 2.1. The γ-
ray spectra, produced by hadrons with α = 3 and the cut-off for
B = 10−5 G, are shown by the dotted curves. The comparison of
γ-ray spectra produced in clouds by hadrons escaping from the
open cluster are shown under the assumption that only highest
energy hadrons with energies in the range, (0.3−1)×Emax (triple
dotted-dashed curve), (0.1−1)×Emax (dotted), (0.03−1)×Emax
(dot-dashed), (0.01−1)×Emax (dashed), and all escaping (solid),
are able penetrate the cloud (figure c).
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Figure 5. The multiwavelength spectrum (SED) observed from
the region toward the open cluster Berk 87 constrained by the ob-
servations with the EXOSAT satellite (marked by EX, Warwick et
al. 1988), the unidentified EGRET sources from the 3rd Catalog
3EG 2016+3657 (thin solid) and 3EG J2021+3716 (thick solid)
(E, Hartman et al. 1999), the Whipple upper limit (W, Fegan et
al. 2005), the HEGRA upper limit (H, Aharonian et al. 2006) and
the Milagro detection of the extended source MGRO J2019+37
(MG, filled circle, Abdo et al. 2006). γ-ray spectra produced by
hadrons interacting with the matter inside the open cluster are
calculated in terms of the model A (upper figure). Two sets of
parameters for this model are considered (Table 2, A1 - dashed
curves and A2 - dot-dashed in Fig. 5). γ-ray spectra produced in
terms of the model B (Table 2) in the synchrotron (dotted curve),
IC (dashed) and bremsstrahlung (dot-dashed) processes and the
γ-ray spectra from decay of pio produced by hadrons in collisions
with the matter inisde the open cluster (triple dot-dashed curve)
and hadrons which escaped from the open cluster into surround-
ing molecular clouds (solid curve). The density of radiation is
described by µ = 1.
Figure 6. As in Fig. 5 but for the region toward Cyg OB2.
The Egret source 3EG J2033+4118 (E, Hartman et al. 1999), the
HEGRA source (H, Aharonian et al. 2002), the Milagro extended
excess (MG, Sinnis et al. 2007), and the Chandra upper limits on
the diffuse X-ray emission (Ch, Butt et al. 2002). The γ-rays from
the open cluster calculated in model A (upper figure) are marked
by the thick curves and from the surrounding clouds by the thin
curves. The comparison with the Model B is shown on the bottom
figure. Spectra are produced by leptons in synchrotron process
(dotted curve), bremsstrahlung (dot-dashed), and IC (triple-dot-
dashed), and the γ-ray spectra (from decay of pio) are produced by
hadrons inside the open cluster (thick dashed) and surrounding
clouds (thin dashed).
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Figure 7. As in Fig. 6 but for the region toward the open cluster
Westerlund 2. The Egret source, 3EG J1027-5817 (E, Hartman
et al. 1999), the HESS extended source (HE, Aharonian et al.
2007), the diffuse emission detected by ROSAT (R, Belloni &
Mereghetti 1994) and Chandra (Ch, Townsley et al. 2005). The
γ-ray spectra expected in terms of the model A (1 and 2) and
model B are calculated for the parameters shown in Table 2. The
radiation density inside the open cluster is defined by µ = 10.
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